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ENZYME-BASED MONITORING DEVICE FOR THE THERMAL PROCESSING 
OF OBJECTS. 

The present invention pertains to the field of thermal processing of objects, 
S such as food, under sterilization or pasteurization conditions and more 
particularly relates to an enzyme-based monitoring device for monitoring fodder, 
human or animal food or other object thermal processing especially under 
pasteurization or sterilization conditions. The invention also relates to the use of a 
dehydrated enzyme-filler mix as a bio-integrator for monitoring the thermal 
10 processing of objects, e.g. in the form of a pasteurization or sterilization process 
step. In addition, this invention relates to a method of monitoring the thermal 
impact of thermal processing on an object. 

BACKGROUND OF THE INVENTION 

15 Nowadays, an important part of the human or livestock or animal food 

supply chain consists of foods preserved through a thermal treatment such as 
blanching, pasteurisation or sterilisation. In this context it is important for food 
manufacturers to measure the impact of thermal processes in term of safety and 
quality in the context of process design, optimization, evaluation and control. 

20 The aim of food thermal processing is to preserve food against spoilage 

which could render the food unfit for consumption, by inactivation of pathogenic 
and/or spoilage microorganisms and of enzymes with deteriorative action. 
Unfortunately, along with these desired effects, thermal processing also affects 
both the nutritional and sensorial quality of the product. Food technology 

25 therefore tries to minimize quality losses and at the same time provide an 
adequate process to achieve the desired degree of lethality. This optimization is 
possible because of the more pronounced temperature dependence of microbial 
(spores) inactivation as compared to the rate of quality destruction, sensorial as 
well as nutritional. Hence, relevant knowledge of the kinetic data for heat induced 

30 inactivation of microorganisms and quality evolution Is essential to optimize 
thermal processes. In addition, for preservation purposes, the quantitative 
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measurement of the impact of a thermal process in terms of safety and quality is 
important for process design, evaluation and optimization to obtain a safe food 
product with maximal quality retention. 

The Impact of a heat treatment on a food product safety or quality attribute 
5 depends on the rates of the heat-induced reactions that affect this attribute, and 
on the time interval during which these reactions occur. 

The status of a food product, expressed in terms of its safety or quality, is 
determined by the effect of all reactions occurring In the product, integrated over 
the full history of the product until the moment of consumption. This concept can 

10 be applied to an entire food production chain (Including preparation and 
packaging, processing, distribution and storage) or it is applicable to a single unit 
operation. The rates at which desired and undesired reactions (related to food 
safety and quality) take place are function of both intrinsic (i.e. food specific) 
properties and extrinsic (i.e. process specific). 

15 The processing of fodder for livestock is also a potential source of risk both 

for the livestock themselves (e.g. so-called " mad cow disease '') and possibly 
even to human consuming meat from Infected animals. The European Council 
Directive 90/667/EEC of 27 November 1990, Annex II, chapter II, section G, 
requires that high risk animal waste must be processed to a core temperature of 

20 133**C for 20 minutes at a pressure of 3 bar. However, due to dead zones on 
rapid transport of some particles, the required residence may not be achieved. 

Because in food thermal processing, temperature Is the main extrinsic 
factor for guaranteeing safety and quality during the production and storage of 
food products, the present Invention mainly deals with systems for which 

25 temperature is the only rate determining extrinsic factor. 

Two models are commonly used to quantify the influence of temperature 
on the inactivation rate of safety as well as of quality aspects: the Arrhenius 
model (1889) commonly used In the field of chemical reaction kinetics and the 
Thermal Death Time model (1921), especially for first order kinetics and 

30 commonly used in thermo-bacteriology and in the field of thermal processing. 
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These two models are well known in the art and need not be further described 
here. 

The impact of a thermal treatment on a food attribute Is indeed usually 
quantified using the concept of an " equivalent time at a reference temperature ", 
5 refen-ed to as the processing value F (usually expressed in minutes). This 
concept translates the time-temperature variable profile into an equivalent time 
chosen at a constant reference temperature that will affect the quality attribute in 
the same way as the variable profile. In other words, F represents the equivalent 
time at a chosen constant reference temperature T^f that would result in exactly 
10 the same impact on the specific quality attribute as the actual time-temperature 
variable profile to which the food (i.e. the attribute of interest) was subjected. 
Mathematically, F can be written in terms of the temperature history of the 
product or alternatively in terms of a response status before and after processing. 
The impact of a heat treatment on a product safety or quality attribute depends 
15 on the rates of the heat-induced reactions affecting this attribute and on the 
reaction time interval during which these reactions rates occur. 

In practice, isothemial heating profiles almost never occur because 
heating equipments require time to reach the process holding temperature and 
require time for cooling and because of the heat transfer inside the product. 
20 Hence, reaction rates are varying as a function of process time. The process- 
value is defined as the integral over time of the rate at each encountered 
temperature relative to the rate at a chosen reference temperature. 

Hence, based on the temperature history of the product aspect, either 
recorded or simulated, combined with knowledge on the kinetics of the monitored 
25 aspect, the thermal process impact on that attribute can be calculated as 
mentioned above, this approach is commonly referred to as the physical 

mathematical method. 

Furthermore, the impact of a thermal process on a specific parameter can 
also be determined relying solely on the initial and final status of the parameter of 
30 Interest and on Its kinetics. Based on the response status of an attribute before 
and after thermal treatment, combined with its kinetics, the process impact can 
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be calculated depending on the order of the heat induced reaction occurring to 
this attribute. In case the level of the actual quality attribute of interest is 
measured before and after processing, this approach is referred to as the in-situ 
method. 

5 As a summary, the in-situ method and the physical-mathematical 

approach are two common evaluation techniques In food themial treatment 
control. In the in-situ method the level of a quality or safety attribute (i.e. thiamine 
content) is measured in the food itself before and after heat treatment, while the 
physical-mathematical method is based on the knowledge of the time- 

10 temperature history of the product, combined with the knowledge of heat 
resistance parameters of the food quality attribute under study. 

In the in situ method, changes in the actual quality or safety attribute under 
study are monitored before and after processing to provide direct and accurate 
information on the status of the attribute of interest. The processing value can be 

15 calculated depending on the order of the heat-induced reaction occurring to the 
target attribute. The main advantage of the in-situ method is that the impact of the 
process on the parameter of interest is directly and accurately known. However, 
In practice, the analysis of the parameter under investigation (i.e. measurement 
of microbial counts, texture, vitamin content, etc.), can be laborious, time- 

20 consuming and/or expensive, and in some cases even impossible because of the 
detection limit of the analytical techniques at hand/or sampling requirements (e.g. 
for the safety of sterilized low-acid canned foods, public health policies Impose 
that the probability of a non sterile unit should not exceed 10'®), which cannot be 
monitored. 

25 In the physical-mathematical method, the calculation of the process value 

imposed on the food either requires the use of temperature sensors to record the 
time-temperature history at the critical point of the product or requires the use of 
theoretical solutions of heat transfer models or of semi-empirical methods (e.g. 
the method of Ball and Olson commonly used In industry) that use the knowledge 

30 of process parameters and heat penetration parameters of the food product Itself 
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combined with knowledge on the kinetics of the safety/quality attribute under 
study. 

With regard to semi-analytical methods such as the method of Ball and 
Olson, several problems can arise: 
5 - direct registration of the time-temperature profile of the product may not be 
possible under some processing conditions, e.g. cable thermal probes cannot 
be used in continuous themnal processing and wireless thermal sensors 
disturb too much the heat transfer in the product; 

the critical point of a product, except for real conductive products, Is almost 
10 always moving during the heating process (whether they are discontinuous or 
continuous, a number of heat treatments submit products to axial or end over 
end rotation in order to take advantage of their convective characteristics to 
increase the heating rate). 

Increasing safety and quality requirements, energy saving policies and 

15 consumers aspects, have resulted In the optimization of classical thermal 
technologies and the development and application of new (thermal as well as non 
thermal) technologies such as continuous processing In rotary retorts, volumetric 
heating before aseptic processing, use of high electric field pulses , high pressure 
processing, infrared technology, etc. Confronted with these new technologies, the 

20 in-situ and physical-mathematical methods show serious limitations. This is why 
considerable efforts have been put into the development of product history 
integrators such as Time Temperature Integrators (hereinafter refen^ed as TTI) for 
thermal processing. TTI allow to fastly, easily and accurately determine post 
factum the Impact of a certain thermal treatment on a product attribute without 

25 knowledge of the time-temperature history of the product. 

Until now, mainly microbiological TTI are used for monitoring thermal food 
processing from a safety point of view. However, the inherent disadvantages 
associated with microbiological detection methods have encouraged the 
investigation of alternatives. The advantages and drawbacks of several kinds of 

30 TTI have been reviewed by Hendrickx et al. in Critical reviews in Food Science 
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and Nutrition (1995) 35(3):231-262 and by Van Loey et al. in Trends in Food 
Science & Tectinology (1996) 7(1 ):16-26. 

Several enzymic systems have been developed to evaluate the impact of 
pasteurization and sterilization processes on, among others, microbiological 

5 target attributes such as Clostridium botulinum spores. Although these a-amylase 
based TTI systems are valuable research tools, the need of an Industrially 
applicable enzymic system that Is accurate, Inexpensive and convenient to use 
for the monitoring of large scale sterilization processes still exists. 

A TTI can be defined as a small wireless measuring device that shows a 

10 time-temperature dependent, easily, accurately and precisely measurable 
irreversible change that mimics the change of a target attribute undergoing the 
same variable temperature exposure. Its main advantage is the ability to quantify 
the integrated time-temperature impact on a target attribute without the need for 
information on the actual temperature history of the product. Ideally, a TTI should 

1 5 meet the following criteria: 

1) be inexpensive, quickly and easily prepared, easy to recover and give an 
accurate and user-friendly read-out, 

2) the TTI should be Incorporated in the food without disturbing heat transfer 
within the food; the presence of the TTI must not change the time temperature 

20 profile of the food, and the TTI should be exposed to the same time- 
temperature profile as the target attribute under investigation. 

3) the TTI should quantify the impact of the process on the target attribute under 
study, i.e. has to meet kinetic requirements. The temperature dependency of 
the rate constants of TTI and target attribute should be described by the same 

25 model (e.g. the Arrhenius model, or the Thermal Death Time model). As a 
kinetic requirement It is also important that the TTI possess an acceptable 
heat Inactlvatlon rate value at the desired processing temperature. If said 
value Is too high, the TTI can be almost totally inactivated so that the TTI 
response may be below the detection limit of the reading method. At the 

30 opposite, a too low value may lead to a change In TTI response which Is too 
limited for an accurate detection of changes. 
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TTI can be classified in ternis of worl<ing principle, type of response, origin, 
application in the food material and location in the food as shown in Hendrickx et 
al.(cited supra). Depending on the working principles, TTI can be subdivided into 
biological (microbiological and enzymic), chemical and physical systems. 
5 Relating to their origin, extrinsic and intrinsic TTI can be distinguished. 

With regard to the application of the TTi in the food product, three approaches 
(dispersed, permeable or isolated) can be distinguished: 

- in dispersed systems, the TTI (extrinsic or intrinsic) is homogeneously 
distributed throughout the food, allowing evaluation of the volume-average 

10 impact of a process; besides dispersion of an extrinsic TTI in the food, 
extrinsic TTI may be permeable (permitting some diffusion of food 
components into the TTI) or isolated. 

- in dispersed and permeable TTI, temperature is no longer the only factor that 
can influence the TTI response. Intrinsic properties of the food such as 

15 salinity, pH etc... can also have an influence on the TTI kinetics. These 
intrinsic properties should be taken into account when developing a dispersed 
or permeable TTI. Hence, it remains possible to calculate a process value 
because the TTI and the target attribute show the same inactivation kinetics 
under the same environmental conditions of the sterilization process. 
20 Encapsulated TTI have also been proposed to avoid the influence of the food 
environment on the kinetic behavior of the TTI. In this case, the TTI is completely 
Isolated from the food environment by embedding it in an inert carrier material 
such as glass, plastic or metal. Hence, temperature becomes the only influencing 
factor. It is necessary to choose a TTI carrier with a thermal resistivity as small as 
25 possible in order to ascertain that the observed TTI response is due to the food 
product heating and not limited by the heating of the can-ier material. For 
Instance, use of small hemietically sealed or screwed highly conductive metal 
carrier systems guarantees the elimination of any influence of the environment 
other than temperature and allows its incorporation into a real food product. 
30 Some of the required properties that any TTI-carrler system should meet include: 
- a thermal diffusivity as close as possible to that of food, 
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- in the case of particulate food heated In a rotary process (e.g. end over end 
rotation) or a continuous process (e.g. aseptic processing), the TTI carrier 
should possess (once filled with TTI) the same density and, if possible, a 
similar shape as the critical particle In order to mimic as close as possible the 

5 movement of the particle during the process. For each liquid or particulate 
food, a prior study of thermal conductivity, shape, density needs to be 
perfonned in order to determine the critical particle that has to be mimicked by 
the carrier, 

- the TTI carrier should possess an acceptable mechanical resistance In order 
10 to keep its shape when submitted to mechanical stress (e.g. particulate food 

pumped during volumetric heating processes or surface scraped heat 
exchanger), and 

- the carrier material should be adapted to the heating process used (e.g. avoid 
the use of metallic carrier with ohmic or microwave heating). 

15 Bacillus sp. are the most commonly used for the development of microbial TTI 
In the food and pharmaceutical Industries. One can distinguish two kinds of 
microbial TTI: 

- count reduction systems which allow to calculate a process value, and 

- sun/Ivor/kill systems that only allow to identify whether the thermal process 
20 was sufficient (no growth) or not (growth) to kill a given amount of 

microorganisms present in the food. 

The major disadvantage of any microbial monitoring system is the time 
required to perform the assay. The long incubation time (from 24 hours up to 
several days) and read-out of the system does not allow for rapid intervention 

25 upon any kind of (systematic) failure or process deviation. Quantitative 
microbiology has to be performed by skilled manpower and the analytical 
precision of currently available techniques is rather low. Heat resistance 
determination of spores requires thorough calibration. This step to detemnine the 
killing power of a given heat treatment is difficult to achieve. The inherent 

30 limitations of microbiological detection methods In determining the efficacy of 
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thermal processing, together with the time and expense associated with these 
methods, have prompted the investigation of alternatives. 

The potential of protein-based systems, in particular enzyme-based systems, 
is receiving considerable Interest. The relative easiness of read-out and handling 

5 of enzymic systems offers significant advantage over microbial TTI. Moreover, 
the range of heat denaturation kinetics of proteins includes the typical values for 
both safety and quality aspects. In general, enzyme inactivation is characterized 
by a z value in the range from e.S^'C to SS^'C, whereas the z-value of the thermal 
inactivation of vegetative cells and spores is 4.5 to 12**C and for quality aspects 

10 (e.g. color, texture, flavor, vitamins) in the range from 25 to 45*'C. These 
characteristics are of interest with regard to safety considerations because the 
design of sterilization processes for low acid canned food are directed to the 
destruction of spores of proteolytic strains of Clostridium botulinum with a z-value 
of 10**C. For the evaluation of safety of pasteurization processes several 

15 microorganisms with z-values ranging from 5 to 12''C have been advanced for 
use as reference organism because depending on the type of food, intended 
shelf life, different microorganisms might be the main cause of poisoning. In 
enzyme based monitoring systems, often the enzymic activity remaining after the 
heat treatment is assayed to determine the thermal impact, although other 

20 properties, such as the heat of enzyme deterioration, can be determined instead 
(e.g. using Differential Scanning Calorimetry, hereinafter referred to as DSC). 

Amylases from different Bacillus species have been most frequently 
studied. The feasibility of TTI using Bacillus licheniformis a-amylases covalently 
immobilized on glass beads or Bacillus subtilis a-amylase (at above 10% 

25 moisture content) or Bacillus amyloliquefaciens a-amylases In the presence of 
polyols, including carbohydrates, has been evaluated. Although these a-amylase 
based TTI systems are valuable research tools, they show the following 
limitations: 

- the range of process values that can be investigated (at most 14 minutes) is 
30 too low with regard to large process values observed in industry (about 60 
minutes or more). 



wo 2004/003226 



PCT/BE2003/000114 



10 

- they are difficult and time-consuming (about 3 weeks) to prepare, 

- they require a significant amount of enzyme (about 1 0 mg per TTI or more). 

- residual enthalpy of denaturation, requiring expensive DSC equipment, is 
used as the main response property. 

5 - residual activity is hardly used as a response property because protein 
aggregation phenomena cause difficulties in solubilizing the enzyme before 
activity reading, 

- they are very poorly stable during storage between preparation and use. 

- they are very poorly stable during storage between heating and reading. 

10 As a consequence, an industrially applicable, accurate, inexpensive and 
convenient enzymic system for industrial applications is still a need in the art. 

.CiUMMARY OF THE INVENTION 

In order to overcome the limitations of the enzyme-based systems of the 

15 prior art. the present invention provides an efficient and standardized enzymic 
TTI system and method which allows to use a very small amount, preferably an 
amount not above 3 mg, of an enzyme as a component of an accurate. 
Inexpensive and convenient time-temperature integrator, when showing first 
order inactivation, for monitoring thermal (in particular sterilization) processing 

20 impact on human or animal food, livestock fodder, medical tools and other 
objects. This procedure is suitably applicable to Bacillus licheniformis amylase 
and Bacillus subtilis a-amylase. although a number of other enzymes may be 
used as well. 

The system and method of the invention preferably makes use, in 
25 combination with this very small amount of an enzyme, of a first filler preferably in 
the form of non-porous beads (e.g. made from glass) in order to avoid the 
aggregation phenomena mentioned herein-above. Several advantages derive 
from the invention. The main advantage Is that enzymes are efficiently diluted 
within the filler, for instance spread or adsorbed all over the surfaces of the 
30 beads, to avoid aggregation during heating that leads, after heating, to a protein 
network impossible to solubilize for subsequent activity measurement. Hence 
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glass beads are used not only as a simple adsorption surface allowing to fix the 
enzyme, but also as a filler separating the enzyme molecules from each other. 

Another important advantage is that a very small amount of enzyme, 
preferably an amount not above 3 mg, can be used to prepare the TTI of the 
5 invention and that this small amount can easily be solubilized for further residual 
activity determination. 

DETAILED DESCRIPTION OF THE INVENTION 

In a first aspect, this invention provides an enzyme-based monitoring device 
10 for monitoring the thermal impact of thermal processing on an object, wherein the 
said device comprises a sealed container enclosing a solid dehydrated mix 
comprising at least one enzyme and at least one first filler, sealing of the sealed 
container being obtained by means of at least one moisture vapor barrier. 
Important for the present invention is that efficient sealing of the container is 
15 obtained in order to prevent entry of moisture into the container when the latter is 
placed within a high moisture content atmosphere during thermal processing of 
the object. Moisture vapor barrier materials are well known in the art and include, 
for instance, a variety of silicon-containing polymers. 

Preferably in the device according to the invention, the water content of the 
20 said solid dehydrated mix is below about 0.6% by weight, more preferably below 
0.3% by weight, and still more preferably below 0.1% by weight of the said mix. 
Determination of the residual water content in the said solid dehydrated mix may 
be performed by any analytical method standard in the art. such as but not limited 
to gravlmetry (loss on drying) or coulometric Kari Fisher methodology. Details of 
25 such methods may be found for instance in the U.S.A. Food and Drug 
Administration Guidelines (January 1990) for residual moisture in dried biological 
products. 

Preferably in the device according to the invention, the at least one enzyme 
represents between 0.001 and 10% by weight, preferably between 0.02 and 5% 
30 by weight, of the solid dehydrated mix enclosed in the sealed container, whereas 
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the at least one first filler represents between 90 and 99.999 % by weight, 
preferably between 95 and 99.98% by weight, of the solid dehydrated mix. 

Preferably the at least one first filler is a non-porous filler which may be either 
an inorganic filler, for Instance selected from the group consisting of glass beads, 
5 metal beads and silica beads or an organic filler, for Instance polymer beads. 

The geometrical shape of the first filler is not critical to the present invention, 
although a regular shape may be an advantage. Preferably the at least one first 
filler consists of beads with an average size below about 0.3 mm. 

In many instances, it may be advantageous when the device of the invention 
10 further comprises at least one second filler which may represent up to about 
10%, preferably up to 5%, more preferably up to 3%, by weight of the solid 
dehydrated mix. 

The at least one second filler may be a water-soluble filler, and may be either 
an organic filler, for instance selected from the group consisting of polyols and 

15 carbohydrates such as mannitol, glycerol, sorbitol, lactitol, sucrose, trehalose and 
polyvinyl-alcohol, or an inorganic filler, for instance selected from the group 
consisting of alkali and alkaline-earth metal salts, such as alkali and alkaline- 
earth metal halldes, e.g. sodium chloride, calcium chloride or potassium chloride. 
Combinations of an organic filler and an Inorganic filler may provide an 

20 advantageous second filler profile. 

The present Invention is widely applicable to a large range of enzymes from 
bacterial, vegetal, animal or fungal origin. The invention is applicable to enzymes 
which belong to any of the six classes of the International classification and 
nomenclature of enzymes, i.e. oxidoreductase, transferase, hydrolase, lyase, 

25 isomerase and ligase. In particular, a suitable enzyme is a bacterial a-amylase 
or a pectin methyl esterase. If needed, other suitable enzymes may be selected 
from the group consisting of a-glucosidase. glucoamylase. urease, dehydro- 
genase, phosphatase, kinase, pullulanase. glucosyltransferase and the like. 
Suitable enzymes for the purpose of this Invention also include thermostable 

30 archaeal or bacterial enzymes which show protein stability at extreme conditions, 
sometimes referred as extremophiles. 
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According to an advantageous embodiment of the invention, the amount of 
the at least one enzyme in the device is below about 3 mg, preferably not above 
2 mg, more preferably not above 1 mg. 

Preferably, the sealed container of the device according to the invention is 
5 made from one or more moisture-impermeable materials selected from the group 
consisting of glass, silica, metals (e.g. stainless steel, aluminium or titanium) and 
polymers, especially non-hydrolyzable polymers and polymers withstanding hot 
moisture atmospheres without degradation. The sealed container may be made 
from one or more layers, especially a multi-layered material may be suitable 
10 depending on the choice of the main container material. The container of the 
device according to this invention is preferably sealed in such a way as to prevent 
that the moisture content of the solid dehydrated mix enclosed within the said 
container exceeds about 0.6% by weight, preferably 0.3% by weight, more 
preferably 0.1% by weight of the said mix. Methods and materials for sealing the 
15 container of this invention will be detailed herein below. 

In a second aspect, this invention provides the use of a solid dehydrated mix 
comprising at least one filler and at least one enzyme as a bio-integrator for 
monitoring the thermal processing of an object within a temperature range from 
about 60°C to 160»C, alternatively 70X to UCC, conveniently from 80°C to 
20 about 130''C. The said object may be present under any physical form, but 
preferably in an at least partly solid form, more preferably is in a particulate form 
which may be dispersed within a liquid. For instance the said object may be food 
such as preserves, in particular soup, vegetables, meat, fish or pre-cooked 
dishes including any of the latter, optionally in combination with a sauce or other 
25 kinds of condiment, being made in a continuous or discontinuous autoclave 
reactor. 

In another embodiment, the said object may be any object that, for hygienic 
purpose may need to be disinfected under sterilization conditions, such as a 
medical tool to be used in surgery procedures, or a medical device to be 
30 implanted into the body of a patient, such as a bone or cartilage implant. The said 
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object may also be a pharmaceutical composition, preferably in the form of a 
liquid, syrup, cream or paste. 

Within this second aspect of the invention, monitoring the thermal processing 
of an object is preferably based on measuring the residual enzymatic activity after 
5 said thermal processing. Thus, it may be in the form of a process step in a 
pasteurization process (at temperatures ranging from about BO'C to 100°C) or a 
sterilization process (at temperatures ranging from about lOCC to 160°C, e.g. 
140°C). 

In a third aspect, this invention provides a method for monitoring the thermal 
10 impact of thermal processing on an object by means of an enzyme-based 
monitoring device comprising a sealed container enclosing a solid dehydrated 
mix comprising at least one enzyme and at least one first filler, sealing of the 
sealed container being obtained by means of at least one moisture vapor barrier, 
the said method comprising the steps of: 
15 (a) placing the enzyme-based monitoring device in contact with the said 
object or in the neighbourhood of the said object; 

(b) exposing said object and said enzyme-based monitoring device to thermal 
processing at a temperature within a range from about BO'C to about 
leo^C for sufficient time for degrading a substantial portion of enzymes 

20 present at the surface or in the neighbourhood of the said object without 

breaking the moisture vapor barrier of the sealed container; 

(c) removing said sealed container from contact with the said object or from 
the neighbourhood of the said object after completion of step (b); 

(d) opening the said sealed container and obtaining a sample of the at least 
25 one enzyme from the said container; 

(e) measuring the residual activity of the said at least one enzyme after 
thermal processing, and 

(f) using the said residual activity as a means to quantify the thermal impact 
of the thermal processing of step (b) on one or more given target 

30 attributes of the said object. 
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Ideally, in view of the quantification step (f). the activity of the said at least one 
enzyme should also be determined before thermal processing. 
Within this third aspect of the Invention, terms such as " object ". " mix ", 
"container ", " sealed " first filler " and the like should be understood as being 
5 defined in a similar manner as in the first and second aspects of the invention. 
The device of the invention Is not required, for an efficient and accurate 
monitoring, to be in direct contact with the object submitted to thennal treatment, 
although it can be placed at the surface of the said object or. especially In the 
case of said object being food, inside the said food. It is sufTiclent for the device 
10 of the invention to be placed at short distance of the object submitted to thermal 
treatment, in such a way that the thermal history of the dehydrated mix enclosed 
within the sealed container is sufficiently similar to the thermal history of the 
object. Determination of the suitable maximum distance, depending upon the 
thermal treatment conditions (temperature and time) and upon the exact nature of 
15 the object is well beyond the knowledge of the person skilled in the art. 

Also, the proportions of the enzyme and/or the first (organic or inorganic, 
preferably non-porous) filler In the dehydrated mix, as well as other optional 
parameters such as but not limited to the amount of the enzyme and/or the 
optional presence of one or more second fillers and the proportions thereof in the 
20 dehydrated mix, are as disclosed herein-above with respect to the first aspect of 
the invention. 

In a preferred and most convenient embodiment of the invention, the method 
for monitoring the thermal impact of thermal processing on an object according to 
the invention is further characterized in that : 
25 - in step (d). a sample of the at least one enzyme from the said sealed 
container is obtained in the form of an enzyme solution by solubilizing in or 
more solvents the fraction of said solid dehydrated mix comprising the said 
at least one enzyme, and 
- In step (e) the said enzyme solution is put into contact with a substrate for 
30 the said at least one enzyme, resulting in a product, and monitoring the 
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residual activity of tlie said at least one enzyme is effected by quantifying 
the rate of formation of the said product. 
The skilled person knows which solvent or combination of solvents may be 
suitable for satisfactorily solubilizing the at least one enzyme from the sample 
5 taken from the sealed container, depending from the specific nature of the said 
enzyme and depending upon the second filler(s) optionally present in the 
dehydrated mix. 

Within the method for monitoring the thermal impact of thermal processing on 
an object according to the Invention, the given target attribute of the said object to 
10 be quantified in step (f) may be any kind of target attribute that Is relevant to the 
object involved. For instance, it may advantageously be a microbiological 
property of the said object which helps in checking and controlling the sanitary 
condition of the said object before any further use. It may also, especially in the 
case of the object being human or animal food or fodder, be a chemical, physical 
15 or organoleptic property that is relevant to the taste, nutritional value or visual 
appearance of food or fodder such as but not limited to viscosity, colour, sugar 
content, fat content, vitamin content and the like. 

Because of the numerous advantages explained herein above, the present 
invention is applicable to a wide range of industries, including the human or 
20 animal food Industry, the seafood industry, the rendering Industry as well as to 
health care and medicine, and to a wide range of industrial processes wherein 
heat or other thermal processing is Involved in one or more manufacturing steps. 
In particular, it is useful in the context of a Hazard Analysis Critical Control Points 
(hereinafter referred as HACCP) system. It will be appreciated that in all these 
25 fields of application, the device and method of the invention will contribute to 
better product safety, decreased spoilage and less expensive manufacturing 
procedures. 

Further features and advantages of the invention will now be explained in 
further details from a practical point of view. However it should be understood 
30 that the present invention is not limited to these more specific features. 
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The present Invention allows obtaining accurate and reproducible TTI with a 
z-value In the range from about 8 to 18°C. preferably from with a standard 
deviation not above 0.8X. preferably not above 0.5°C, thus allowing the 
determination of a process value F (such as defined in the background of the 

5 invention) with an acceptable accuracy. 

More specifically, the invention makes use of a mix comprising a strongly 
dehydrated enzyme adsorbed at the surface of non porous glass beads together 
with stabilizing substances (such as sucrose and mineral salts) as a second filler. 
This mix is packed in a hermetically sealed container, e.g. small capsules coated 

10 by a hermetic silicone layer. Important is the use of a first filler, e.g. glass beads 
of about 0.25 mm diameter. In order to achieve this solid dehydrated mix. the 
invention makes use of an extra-dehydration step, inside an oven at a 
temperature well above the room temperature, followed by an immediate sealing 
of the capsules and an entrapment Inside a silicone moisture bamer material. 

15 From these three steps (extra-dehydration, immediate sealing, and entrapment in 
silicone) derive several advantages: 

- a good control of the level of dehydration of the mix inside each capsule 
and subsequently achievement of a good level of accuracy of the TTI 
response (TTI show reproducible and stable constant z-value), 

20 - a high level of thermal stability allowing to detennine thermal impact at 
temperature higher than 100°C and up to about ISOX, e.g. UO'C. and 

- an ability to store the TTI between its preparation and its use and between 
its use and its reading. 

Moreover, the packed mix is easy to remove rapidly from DSC capsules coated 

25 with silicone. 

The enzyme of this packed mix shows the following functional 
characteristics: 

- after determination of its heat Inactlvation parameters (D-values or z- 
value). it allows to monitor process-values at high temperature exposure; 

30 for Instance, when using Bacillus licheniformis a-amylase (hereinafter 
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referred as BLA). it Is possible to monitor process-values up to around 70 
minutes within a temperature range from about 100 to 140°C, 
. it is easy, by addition of a small amount (about 1 ml) of water to the 
dehydrated mix contained in one container and rapid mixing, to quickly 
5 obtain a total or substantial desorption of the at least one enzyme from the 

surface of the first filler (beads), 
- it shows a great stability (several months) of its D-values and z-value. 
when the sealed container (e.g. coated with silicone as a sealing means) 
is stored at ambient temperature, 
10 - it shows an acceptable stability (several days in the case of BLA) of its 
residual activity after thermal processing. 
Going into still more detail, the present invention will now be explained by 
reference to the following example. 

15 FXAMPLE 1 - monitoring device a nd method based on an g-amvlase. 

For standardization of the enzyme environment, the two following steps are 
preferably required: (1) standardization of the liquid environment of the enzymes 
and (2) standardization of the concentrations of these enzymes in the liquid 
environment. The standardized liquid environment may contain sucrose and 

20 sodium chloride as exemplary stabilizers. 

Mixing the standardized enzyme solution with a non-porous filler (e.g. glass 
beads) mainly results In adsorption of the enzymes at the surface of the inert 
filler. In case glass beads are used as a filler, the required volume of 
standardized enzyme solution is the exact volume necessary to fill in the spaces 

25 between the glass beads. 

An example Is given below when using a Bacillus licheniformis a-amylase 
(BLA) and glass beads for the preparation of an enzyme-based TTI: 

1) take a sample of Bacillus licheniformis a-amylase (BLA) solution, 

2) determine the protein content (in mg/ml) of the sample using a BIcinchoninic 
30 Acid Protein determination Kit BCA1 commercially available from Sigma. If 
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unknown, determine also the iso-electric point and the molecular weight by 
using an isofocusing method and SDS-PAGE method respectively. 
3) prepare a buffer con-esponding to the iso-electric point of the enzyme: for 
BLA, prepare 1000 ml of a 0.005M bis-tris buffer, pH=6.9 at 25'C. by 
5 dissolving 1 .046 g of a bis-tris base (MW = 209.2) in about 900 ml of distilled 
water at then adding 2.56 g dehydrated calcium chloride, 15.24 g 

sodium chloride, 20 g sucrose and 1 .27 g potassium chloride: then titrating to 
pH 6.9 with HCI 0.1N at 25°C, and finally making up volume to 1000 ml with 
distilled water. 

10 4) on the basis of the protein content obtained in step (2), dilute a sample of the 
BLA solution with the buffer in order to reach a protein concentration of 1 
mg/ml. 

5) ultra-filtrate 9 ml of the solution obtained in step (4) by using a MACROSEP 
3000, 10000 or 30000 kD centrifugal device (commercially available from Pall 

15 Life Sciences, USA). Centrifugation is performed in 2 steps: (1) at 6000 rpm 
during 120 minutes at 4*C for ultra-filtration, then (2) at 6000 rpm during 1 
minute at 4"C for recovering the retention product. 

6) complete the retention product with the buffer prepared in step (3) In order to 
obtain 5 folds the volume of the BLA solution taken Initially and contained in 

20 the 9 ml ultra-filtered in step (5), 

7) fill 1.5 ml Eppendorf cups with 1.35 g of glass beads of about 0.25 mm 
diameter and add 0.281 ml of the standardized enzyme solution obtained in 
step (6) (this volume allows to just fill in spaces between glass beads), 

8) seal the tip of a glass capillary with a flame and use this capillary, once 
25 cooled, to mix correctly the beads and the solution obtained in step (6) to 

achieve a clear brown homogeneous color. 

Then a strong level of dehydration of the mix is achieved in two steps: 
- freeze drying allows to remove most of the water contained in the mix, 
then 
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- extra-dehydration of the mix by evaporation drying in an oven at a 
temperature well above room temperature up to constant weight (control 
with a balance showing an sensitivity of 0.01 mg). 
For Instance, the dehydration procedure applied to the mix achieved in step (8) 
5 may be as follows: 

9) dehydrate by freeze drying the content of the Eppendorf cups (e.g. by use of a 
Christ (Switzerland) freeze drier) with the following freeze-drying parameters: 
safety pressure heating 10 mbar, main drying pressure 0.180 mbar, ice 
condenser at -82*^0, temperature of the shelve during main drying at +4X, 

10 freeze-drying time 20 hours; this step allows to remove the water between 
beads under non-denaturing conditions. While water is eliminated by 
sublimation, the enzyme, the ions from calcium chloride, potassium chloride 
and sodium chloride, and sucrose accumulate at the surface of the glass 
beads. At the end of freeze drying, these compounds coat the beads and act 

15 as a weak cement between them. After release of the vacuum, a three- 
dimensional network made of glass beads, enzyme, salts, sucrose and air is 
obtained; 

10) recuperate the content of the Eppendorf cups, which consists of a solid block 
because proteins, sugars and salts, act as cement between the beads. With 

20 help of a stainless-steel spatula, a homogeneous powder is obtained. This 
powder (a "mix") is made of beads of which the surface is covered by a thin 
layer of enzymes and stabilizers (sucrose and metal chlorides), 
1 1 )efficiently mix the content of the Eppendorf cups together inside a plastic tube 
to achieve a homogeneous mix and place the latter inside clean Eppendorf 

25 cups; 

12) store the Eppendorf cups containing the homogeneous mix inside a 
dessicator containing P2O5; 

13) equip pan covers with O-rlngs (Perkin-Elmer, kit 0319-0029); place them on a 
glass plate with the O-ring face visible; let the whole dry at 102''C during 15 

30 minutes in an oven; then, remove the plate containing the covers from the 
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oven and wait for cooling; once cooling is achieved, turn eacli cover (0-ring 
face not visible); 

14) fill the pans of 60 [i\ Large Volume Capsules (Perkin-Elmer, kit 0319-0029) 
with 40 to 60 mg of the dehydrated mix (this step should be performed 

5 extremely rapidly, e.g. using a spatula; 

15) further-dehydrate the freeze dried mix by placing the filled pans at ^02''C 
during 1 hour inside an oven (note this occurs without any inactivation of the 
enzyme. 

Then encapsulation of the dehydrated mix in a small and hemnetlcally closed 
10 container is effected to avoid that the dehydrated mix takes up any atmospheric 
moisture. For instance, the encapsulation procedure applied to the mix 
dehydrated in step (15) is described below: 

16) after 1 hour drying, remove the pans from the oven one by one and seal 
rapidly (i.e. within less than 10 seconds) the covers onto them according to 

15 Perkin-Elmer recommendations; close the oven door between each sealing; 

17) let the capsules containing the mix cool down to ambient temperature and 
store the whole inside a dessicator containing P2O5; 

18) entrap the capsules, containing the dried homogeneous mix, inside Sylgard 
184 silicone elastomer (commercially available from Dow Corning Chemical, 

20 Belgium) according to the following procedure: 

- dispose the capsules in rows on a glass plate in such a way that each row 
is separated from another row by a distance of 0.5 cm minimum (the cover 
of the capsules has to be in contact with the plate), 

- prepare Sylgard 184 silicone following the recommendations of Dow 
25 Corning Chemical (10 part of Part A with 1 part of B (curing agent), 

- pour the liquid silicone on the plate containing the capsules up to cover the 
capsules with 1 mm of silicone, 

- let dry at 102''C inside an oven during 20 minutes, 

- recuperate the plate with the capsules and the solidified silicon and let cool 
30 at ambient temperature, 
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- with a cutter, cut silicone around each capsule to obtain a squared piece of 
silicone (1 cm of side) containing the capsule, 

- turn each piece of silicone containing a capsule and, with help of a small 
glass capillary, add a thin layer (0.5 mm) of liquid silicone on the face of 

5 the capsule non-protected by silicone, 

- dry at 102''C in an oven during 15 minutes, and 

- recuperate the pieces of silicone containing the capsules and remove the 
silicone corners with a cutter in order to obtain an octogonal shape, (a 
small punch can also be used). 

10 TTI heat inactivation kinetic parameters (D-values and z-value) under 
Isothemial conditions may first be determined by making use of the classical two- 
steps regression method as follows. Under isothemrial conditions, a first order 
reaction can be written as equation (1 ): 

lnJL=_k.t 0) 

Xo 

15 wherein: 

- Xo is the initial response value (e.g. an initial enzyme activity Ao), 

- X Is the response value after heating treatment (e.g. residual enzymic 
activity A), 

- T Is the exposure time (expressed in minutes), and 

20 - K Is the Inactivation rate constant (expressed In min'^) 
or, in the thennal death time terminology, as equation (2) 

wherein D Is the decimal reduction time, I.e. the time for one log reduction of the 
response at a given temperature, (the D-value can be calculated from the slope 
25 of the linear regression line of log (X/Xo) versus time). 

On the basis of Bigelow equation (3) below, the thennal sensitivity of the 
decimal reduction time, expressed by the z-value (°C), can be estimated by linear 
regression of log D-values versus corresponding temperatures: 



Dt2=Dt, 10 



ir^) (3) 
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According to the literature, when determining the slope of a first order 
reaction, the best accuracy Is obtained by placing the experimental points at the 
two borders of the experimental domain. In our case, for each exposure 
temperature Investigated, the experimental domain corresponded to the time 
5 interval between time 0 and the maximal exposure time corresponding to the 
detection limit of the reading method (in our case reading of the residual activity 
of the enzyme). On the basis of our experiments, It was demonstrated that the 
inactivation kinetics of BLA at low moisture content followed a first order kinetics. 
Hence, it is possible to use only 2 exposure times (close to the borders of the 
10 experimental domain) per investigated temperature (time 0 excluded) to 
determine the D-values at each exposure temperature. Accuracy was also 
increased by using 4 points per time-temperature combination. Isothermal 
heating of the sample was carried out by immersing simultaneously several TTI 
inside an oil bath (Grant. England) with silicone oil from Fluka (ref. 85415). 
15 Cooling was perfomied In ice-water at CC. 

Tables 1 and 2 below show the D-values and z-values and their associated 
standard en-or of regression (determined by linear regression) respectively for a 
TTI prepared with a mix based on BLA and a TTI prepared with a mix based on 
Bacillus subtilis amylase (hereinafter referred as BSA). 
20 Residual activity of the enzymes used to prepare the TTI is then used as a 
response property. For instance, when using a TTI based on BLA, the a-amylase 
activity Is measured by means of a UV-vlsible spectrophotometer (commercially 
available from Pharmacia under the trade name LKB Biochrom 4060) at 30X by 
using a kit Cat. No. TR 25421 (manufactured by Thermo Trace Ltd.. Melbourne, 
25 Australia). I.e. based on the final release of p-nitrophenol, which absorbs 
maximally at 405 nm. 

Activity is expressed in terms of the change in optical density per minute, 
calculated by linear regression from a plot of the absorption versus reaction time 
between 2 and 4 minutes. A temperature of SO'C was used to perform the activity 
30 assay. Because residual activity is used as response property, a rapid and 
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efficient way to put the enzyme from the mix into solution is necessary. The 
following method was used: 

1) dispose the same number of Eppendorf cups than capsules to be read on a 
rack, and number each of them with a marker, 
5 2) put an empty 1 .5 ml Eppendorf cup with safe lock on the plate of an accurate 
balance with a sensitivity of 0.0001 g. 

3) open a capsule by double lateral compression within less than 10 seconds. 

4) collect some mix from the pan of the capsule inside the Eppendorf cup. close 
the latter, and put it on the balance; the value displayed by the balance 

10 con-esponds to the amount of mix and should preferably be between about 15 
mg and 60 mg, then redo step (2) to (4) for each capsule, 

5) solubilize the enzyme as follows: 

- add 1 ml of distilled water into the Eppendorf cup containing an amount of 
mix from the capsule, 

15 - close the Eppendorf cup, 

- mix the Eppendorf cup radially with help of a vortex (at 2000 rpm during 30 

seconds, 

- mix the Eppendorf cup axially with hand during 30 seconds (end over end 
rotation), 

20 - using a pipette, transfer 1 ml of Amylase Reagent and 0.020 ml of the 
solution contained inside the Eppendorf cup into a bowl; mix immediately 
by inversion and incubate at desired temperature during 2 minutes. 

- determine the slope of the absorbance versus time curve between 2 and 4 
minutes, and repeat step (5) for each capsule; 

25 6) from each slope, deduce a residual activity A in Units/liter following the kit 
manufacturer recommendations. If the observed residual activity is higher 
than 2000 units/liter, dilute the enzymic solution from the Eppendorf cup in 
order to obtain a lower activity and repeat the measurement; 
7) using the observed residual activity A and the initial activity Ao corresponding 

30 to the same amount of a non-heated mix from a non-heated capsule and the 
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Di2i.i«c-value of the TTI. calculate the process value Ftti using equation 
standard in the art. 

Since real thermal processing conditions involve non-steady state 
temperature conditions, It was necessary to evaluate the performance of the TTI 
5 system of the Invention under variable temperature conditions. 

Various non-isothermal profiles were generated by placing the TTI inside 2.5 cm 
diameter silicon spheres (Dow Corning Sylgard 184 Silicone Elastomer. 
Belgium). Thermocouples were prepared using 0.081 mm diameter copper- 
constantan wires (Omega, Belgium) and Ellab connectors and were connected to 
10 a CMC-92 data acquisition system (TR9216, Ellab, Denmark). An accuracy of 
0.1 "C was obtained with each thermocouple by comparison with a reference 
quartz temperature sensor (Testo, Belgium). Spheres were placed 
simultaneously in an oil-bath (Grant, England) at 123.2X and time-temperature 
recording was started at the moment of immersion. Process values Ft-T 
15 corresponding to each sphere were calculated using a recording time-step of 15 
seconds, a reference temperature of 121. rc and a z-value equal to the z-value 
of the TTI obtained under Isothermal conditions. Cooling was performed by 
immersion in water at O'C in order to obtain a process values in the range of 3 to 
60 minutes. The process-values F achieved with the TTI were plotted versus the 
20 process-values achieved by the physical-mathematical method, in order to 
validate the ability of the enzymic system to suitably Integrate time and 
temperature under dynamic conditions. 

On the basis of the results obtained, an absolute percentage enror In 
actual process value by the TTI is determined according to equation (4) below: 



fodder industry an efficient an Inexpensive tool for monitoring thermal process 
impacts on a given target attribute of a given product. In case the target attribute 
under study would show a z-value different from the one of the TTI obtained 
30 following the above described TTI preparation, it is obvious that deviations 



25 1% error | = 
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between process-value deduced from the TTI response and the actual process- 
value concerning the target attribute under study may become more or less 
important depending on the actual temperature history inside the product during 
the thermal process. This temperature history will vary depending on the thermal 
5 characteristics of the product (heat penetration parameters) and on the 
characteristics of the process (holding time, holding temperature, come up time, 
come down time). Two different methods can then be used to calculate a 
correction factor to apply to the process-value derived from the response of the 
TTI: 

10 - a first method, relating to a single component TTI showing a z value 
different from the one of the target attribute under interest, consists in 
integrating the time-temperature profile (measured or simulated with a 
finite difference heat transfer model on infinite cylinder) undergone by the 
product with the z-value of the target attribute under study and the z-value 
15 of the TTI at hand. The difference in corresponding process values 

zTaigetp^^^ and ^""'FTref correspond to a correction factor to apply to any TTI 
responses for the product and the process under consideration; 
- a second method is related to the use of a multi-component TTI based on 
a mix containing at least two different enzymes; the concept of multi- 
20 component TTI is well described in the literature. 

Table 3 shows kinetic parameters achieved when using the TTI based on 
a highly dehydrated mix prepared with BLA. as well as the absolute percentage 
of error (at z values from 10 to IS.S'C) under isothermal conditions. Whatever the 
set of kinetic parameters used, this TTI allows the measurement of process- 
25 values In the range of 0 to 60 minutes. 

As bio-sensors or bio-integrators, the TTI prepared according to the above 
described procedure may be sensitive to storage time and conditions either 
between preparation and use or between heating and reading of the response. 
We therefore also Investigated the influence of storage time under atmospheric 
30 conditions at ambient temperature (1 5 to 25'C). 
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Table 4 shows the evolution of the TTI-response versus storage time at 
ambient temperature and under atmospheric conditions. The values correspond 
to a TTI based on BLA. Process-values derived from a TTI submitted 
simultaneously to the same heat treatments and read after certain storage times 
5 up to 6 days are listed. The initial enzymic activity used to perfomn calculations is 
the initial activity deduced from an average of 3 non heated TTI at day 0. 

Stability (less than 8% decay) of the process value derived from the TTI of the 
invention can be observed up to 6 days after heat treatment. Due to the freeze- 
drying step and the drying step {^02''C In an oven) Included in the preparation 
10 procedure of the TTI, the latter is totally dehydrated and was observed to show a 
good stability during several months. Heat inactivation parameters (D-values and 
z-values) were constant for several months. 



Table 1 



15 





Heat inactivation kinetic parameters 


Temperature (°C) 


D-values (minutes) 


Z-value CC) 


114.9 


154 




120.9 


47.4 


13.3 


124.7 


26 


127.2 


18.8 




Table 2 




Heat inactivation kinetic parameters 


Temperature ("C) 


D-values (minutes) 


Z-value (X) 


121.1 


54 




124.9 


32.6 


16.1 


128.1 


19.7 





20 
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Table 3 



Regression's 
type 


Kinetic parameters 
Di2i rc (minutes) 

zrc) 




F-rTi/Ft-T(2Tn 
= 13.3°C) 
absolute 
error % 


Ftti/F,.t 
(z=10'C) 
absolute error 
% 


Linear 


45.8 minutes 
13.3 "C 


13.45 


13.47 



Table 4 



Ftti- 


Heating treatments 


Dl21.1'C- 


z-value 


storage 


A: 60 min. 


B: 40 min. 


C: 15 min. 


value* 


(°C) 


time 


at 115.8X 


at121.rC 


at 124.9X 


(min) 


FTTi-DayO 


22.2 


40.0 


28.5 


78.7 


12.9 


F TTi-Day 1 


21.2 


39.7 


24.9 


79.4 


13.5 


F TTi-Day 3 


21.0 


39.9 


23.9 


78.7 


13.9 


F m-Day 6 


20.6 


38.5 


26.6 


82.0 


12.8 



5 



EXAMPLE 2 - monitoring device and method based on a pectin-methyl esterase. 

When applying the above described TTI preparation procedure of example 
1 to a purified cucumber pectin-methyl esterase, the inactivation curve obtained 
at 102*^0 allows to calculate a D-value of 65.8 minutes at 102°C. Although only 

10 one temperature exposure was investigated (i.e. no z-value was determined), this 
result shows that (i) it is possible to strongly increase the thermal stability of a 
plant related enzyme such as cucumber pectin-methyl esterase up to 
temperatures higher than 100°C and (ii) hence, it makes it possible to use this 
preparation method in order to prepare a TTI useful for high temperature 

15 pasteurization processes (i.e. within a range from about 90 to ne'e). 



